Benthic diatoms live in photoautotrophic/ heterotrophic biofilm communities embedded in a matrix of secreted extracellular polymeric substances. Closely associated bacteria influence their growth, aggregation, and secretion of exopolymers. We have studied a diatom/bacteria model community, in which a marine Roseobacter strain is able to grow with secreted diatom exopolymers as a sole source of carbon. The strain influences the aggregation of Phaeodactylum tricornutum by inducing a morphotypic transition from planktonic, fusiform cells to benthic, oval cells. Analysis of the extracellular soluble proteome of P. tricornutum in the presence and absence of bacteria revealed constitutively expressed newly identified proteins with mucin-like domains that appear to be typical for extracellular diatom proteins. In contrast to mucins, the proline-, serine-, threonine-rich (PST) domains in these proteins were also found in combination with protease-, glucosidase-and leucine-rich repeatdomains. Bioinformatic functional predictions indicate that several of these newly identified diatomspecific proteins may be involved in algal defense, intercellular signaling, and aggregation.
Benthic diatoms live in photoautotrophic/ heterotrophic biofilm communities embedded in a matrix of secreted extracellular polymeric substances. Closely associated bacteria influence their growth, aggregation, and secretion of exopolymers. We have studied a diatom/bacteria model community, in which a marine Roseobacter strain is able to grow with secreted diatom exopolymers as a sole source of carbon. The strain influences the aggregation of Phaeodactylum tricornutum by inducing a morphotypic transition from planktonic, fusiform cells to benthic, oval cells. Analysis of the extracellular soluble proteome of P. tricornutum in the presence and absence of bacteria revealed constitutively expressed newly identified proteins with mucin-like domains that appear to be typical for extracellular diatom proteins. In contrast to mucins, the proline-, serine-, threonine-rich (PST) domains in these proteins were also found in combination with protease-, glucosidase-and leucine-rich repeatdomains. Bioinformatic functional predictions indicate that several of these newly identified diatomspecific proteins may be involved in algal defense, intercellular signaling, and aggregation.
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EPS, extracellular polymeric substances; LRR, leucine-rich repeats; PST, proline-, serine-, threonineSome of Earth's most diverse and productive aquatic ecosystems are found in coastal and shallow-water regions where primary production is frequently dominated by diatoms. While open water habitats are dominated by planktonic, centric radially symmetric diatoms, pennate bilaterally symmetric diatoms are mostly benthic, moving on or attaching to surfaces via secretion of extracellular polymeric substances (EPS) through a slit-like raphe in their silicified cell walls (Edgar 1983) . These EPS consist mainly of polysaccharides and of proteins, and their secretion is modulated in response to various stimuli, such as tidal fluctuation, diurnal rhythm, or light levels (Hoagland et al. 1993, Smith and Underwood 1998) . The carbohydrate and amino acid composition of the EPS secreted by different diatoms has been investigated intensively, but very little is known on the amino acid sequences of the secreted protein fraction and of their corresponding genes (Abdullahi et al. 2006 , Poulsen et al. 2014 .
Algae live closely associated with heterotrophic bacteria that may utilize secreted algal-derived organic substances, particularly the EPS, as carbon source (Nalewajko et al. 1980 , Sch€ afer et al. 2002 . These bacteria can have influence on the EPS secretion and aggregation, as well as on the growth of diatoms (Bruckner et al. 2008 (Bruckner et al. , 2011 (Bruckner et al. , G€ ardes et al. 2010 . Independent from the habitat, particularly alphaproteobacteria are ubiquitously associated with algae and diatoms, and bacteria of the Roseobacter clade were identified in many algae/bacteria associations (Sch€ afer et al. 2002 , Buchan et al. 2005 , Wagner-D€ obler and Biebl 2006 . Recently, a Roseobacter strain has been isolated and characterized from a P. tricornutum culture that had been isolated in Xiamen, China (Chen et al. 2015) .
To investigate direct interactions between bacteria and diatoms, we have established a distinct diatom/ bacteria laboratory model community, which is constituted of a marine alphaproteobacterium of the Roseobacter clade, Roseovarius sp. strain 217 (referred to as "R217") and an axenic, marine pennate diatom, Phaeodactylum tricornutum (Bohlin). The typical habitats of P. tricornutum are brackish water environments like rock pools or estuaries, where it lives both planktonically or adherent in phototrophic biofilms (De Martino et al. 2007 ). Dependent on strain and growth conditions, P. tricornutum may change its appearance between a triradiate, fusiform, and oval cell morphology, with only oval cells being able to adhere strongly to surfaces and producing completely silicified cell walls (Borowitzka and Volcani 1978, Stanley and Callow 2007) . Isolates of P. tricornutum from several locations worldwide show a different behavior concerning the transformation from one to another morphotype, thus the morphotypic variability may represent an adaptation to instable environmental conditions (De Martino et al. 2007 .
We determined the effects of the presence and absence of the Roseovarius sp. strain 217 on biofilm formation and cellular aggregation of P. tricornutum. In a proteomic approach, we investigated whether extracellular diatom proteins are induced by the presence or absence of bacteria via peptide fingerprinting-mass spectrometry and differential metabolic labeling ( 15 N). We found that most of the identified proteins were constitutively expressed, and we were able to identify several novel diatom proteins with proline-, serine-, and threonine-rich domains (PST-domains) similar to those of mucins. However, these PST-domains were often combined with biochemically functional (catalytic) domains (e.g. protease or glucosidase domains), or leucinerich repeat (LRR) domains. Detailed sequence analyses allowed a first functional classification of these newly identified extracellular diatom proteins, unveiling a novel class of secreted diatom proteins.
MATERIALS AND METHODS
Chemicals. Standard chemicals were purchased in p.a. quality from Sigma Aldrich (Munich, Germany) or Carl Roth (Karlsruhe, Germany). Artificial sea salts were purchased from Tropic Marin (Wartenberg, Germany).
Biological material. P. tricornutum strains Pt1 (CCAP 1055/ 1, CCMP2561) and PT4 (UTEX646, CCAP 1052/6) were grown in half strength seawater f/2 medium (Guillard and Ryther 1962 ) on a rotary shaker at 70 rpm, illuminated at 20°C, with a 12/12 h light/darkness cycle (30 W fluorescent tubes; Philips, Munich, Germany) and a light intensity of 40 lmol photons Á m À2 Á s
À1
. For differential metabolic label ing, either Na 14 NO 3 or Na 15 NO 3 (98 mol % 15 N; Sigma Aldrich, Munich, Germany) was provided as the sole source of available nitrogen. Axenic cultures of P. tricornutum were obtained by a 3 day antibiotics treatment (1 mg Á mL À1 peni cillin G, 0.5 mg Á mL À1 streptomycin and 0.1 mg Á mL À1 chloramphenicol) and subsequent spray plating of the washed and diluted cell suspensions. For this, in a sterile air cabinet, 20 lL of serial dilutions of washed diatom cell sus pensions were taken up by a 20 200 lL pipette, and the tip was placed into the sterile air stream produced by an air pump with a 0.2 lm sterile filter and focused by a 0.7 mm syringe (BD Biosciences, Heidelberg, Germany). Half strength f/2 medium agar dishes (1.3% agar) were placed in a dis tance of 30 cm, collecting droplets of the sprayed cell suspen sion. Single colonies were picked and cultivated in liquid medium. Axenic cultures were maintained in fluid half strength f/2 medium at 8°C and low light conditions (<5 lmol photons Á m À2 Á s À1 ). Absence of bacteria was con firmed by absence of bacterial colonies after plating on con ventional, half and quarter strength LB medium and on Marine Broth medium (Difco, BD, Heidelberg, Germany) and by bright field and epifluorescence microscopy of SYBR Green and Dioc6 stained samples (Life Technologies GmbH, Darmstadt, Germany). Selection for oval Pt1 cells was per formed by incubation in flat bottom polystyrene tissue culture flasks with vented lids (Sarstedt, N€ urnbrecht, Germany) and removal of fusiform and non attached cells via medium exchange every 4 d. Fusiform cells grew in stationary cultures on a rotary shaker at 70 rpm.
Roseovarius sp. strain 217 was obtained from Karin Denger, University of Konstanz. This strain originally had been iso lated from seawater for its ability to utilize methyl halides (Sch€ afer et al. 2005) and was cultivated in half strength f/2 culture medium supplemented with 30 mM sodium acetate, 0.5 ng Á L À1 para aminobenzoic acid and 0.2% (w/v) tryp tone, as tested in growth experiments with half strength f/2 medium and individual components of the vitamin solution published by Widdel and Pfennig (1981) .
Growth experiments. Biofilm growth experiments were per formed in LED illuminated sterile biofilm growth chambers with continuous medium exchange and automated measure ment of biofilm turbidity, as described previously (Buhmann et al. 2011 ). Growth of suspended P. tricornutum was assessed via cell counter measurements (Multisizer 3; Beckman Coul ter GmbH, Krefeld, Germany), and bacterial growth was assessed via colony forming unit counts. The percentage of oval cells was determined via microscopic counts in a hemato cytometer (Thoma chamber).
Extracellular protein extraction and nanoLC MS/MS analysis. A detailed description is found in the Supplementary Methods section (see Appendix S1 in the Supporting Information). In brief, suspended stationary 500 mL cultures of axenic Pt1, of strain R217/Pt1 co cultures, and of Pt1 in medium supple mented with filter sterilized, cell free medium of strain R217 were cultivated in triplicates with either Na N labeled cells were pooled based on chlorophyll a concentrations, and culture supernatants were collected by centrifugation and sterile filtration. Diatom chlorophyll a concentrations have been calibrated against cell counts performed by an automated cell counter (Multisizer; Beckmann Coulter, Krefeld, Germany). The contribution of bacteriochlorophyll to the overall measured chlorophyll a concentrations was negligible as the technical standard varia tion was higher than the slightly increased measured chloro phyll a concentrations of R217/Pt1 co cultures, compared to axenic cultures. Proteins were extracted via ammonium sul fate precipitation and ultrafiltration, followed by SDS PAGE separation, tryptic digestion and subsequent identification via reversed phase liquid chromatography nanospray tandem mass spectrometry (LC MS/MS) at the Proteomics Facility of the University of Konstanz.
Protein identification and bioinformatic analyses. Gene models were checked for completeness and redundancy. Identified proteins above a threshold of a MASCOT score of 25 were subjected to NCBI BLASTp and delta BLAST searches, and subsequent PSI BLAST iteration. Subsequently, sequences were examined for conserved domains with the SMART ser ver (http://smart.embl heidelberg.de/) and PROSITE domain prediction tools (http://prosite.expasy.org/). In case of existing characterized protein orthologues from other organisms, amino acid sequence alignments with the Clus talW 2.1 server (http://www.clustal.org/clustal2/) were per formed. Furthermore, we examined the amino acid sequences for high abundance of cysteine amino acids, pro line, serine, threonine or acidic amino acids. Proteins with high sequence similarity to intracellular proteins, e.g. nuclear and photosystem related proteins, were not subjected to fur ther functional prediction analyses.
In addition, we screened for signal peptide sequences via (De Martino et al. 2007) . Growth experiments confi1med that cultivation without sha king, but with a continuous exchange of media, resulted in a transformation of the major part of the fusiform Ptl population into the oval morphotype (up to nearly 100% oval cells), while Pt4 cells remained mostly fusiform (De Martino e t al. 2007 .
For a defined twcrsp ecies diatom/ bacteria model community, we selected the marine &srovariu.s sp. strain 217 (R217) (Schafer et al. 2005 ) that we fow1d to g row in co-culture with P. tricomutum without added carbon source to the late exponential growth phase, implicating that strai n R217 solely utilizes eli atom-derived carbon (Fig. 1, C and D) . Ccrcultivation with strain R217 induced higher growth rates and growth yields of oval Pt1 biofilms in continuous-flow chambers compared to axenic cultures, based on biofilm turbidity measurements (Fig. lA) . By contrast, ilie g rowili of ilie fusiform Ptl and Pt4 strains was not influenced neither under continuous flow nor under su spended stationary cultivation conditions (Fig. 1, B-D) .
Besid es affecting diatom growth, ilie presence of strai n R217 also had a stro n g innue nce on the biofilm structure of P t1, while Pt4 was not substantially aJfected ( Fig . 2) . In the continuous-now chambers, axenic oval Pt1 formed thin biofilms with small cell aggregates ( Fig. 2A) , while the presence of R217 cells as well as of cell-free spent growth medium of strain R217 (2% v/ v, data not shown), induced the formation of much larger cell aggregates (Fig. 2 B) . Fur tl1ermore, the biofilm co<ultures contained 90.0% (±1.3%) oval cells, compared to 66.6% (±5.8%) in axenic cultures. ln suspended stationary cu ltures, axenic Pt1 grew only in fusiform shape, whereas P t1/R217 co-cultures and those supplemented with 2% cell-free bacteria l culture supernatant (data not shown) also contained oval, motile cells, as demonstrated by their swarming behavior on the surface of agar mediwn ( morph otypic transition of P. tricomutum, e.g., wiili previously reported changes in EPS secretion (Bruc kne r et al. 2011), we a na lyzed ilie extracellular proteome with a particular focus on the proteins that were secreted by the diatoms. In the first step, proteins were extracted from culmre supernatant, desalted, and concentrated (see Materials and Methods), and analyzed by SDS-PAGE. This revealed different protein banding p atterns between the extracellular protein extracts from d iatom/bacteria co-cultures, o r from axenic diatom cultures suppleme n ted with 2% (v /v) cell-free bacterial culture supernatant, each in comparison to extracts from axenic diatom cultures (see Fig. S1 in the Supporting Lnformation). These observations indicate changes in ilie expression of extracellular diatom proteins in dependence on ilie presence of bacteria or of bacterial factors present in spent bacterial culture supernatant. Furthermore, e nzymatic deglycosylation of ilie protein samples strongly increased the performance of SDS-PAGE protein separation (see of the samples by peptide fingerprinting mass spectrometry, the extracellular proteins were extracted from supernatant of suspended (shaken) stationa.ty diatom cultures that had been grown either axenically, or in diatom/ bacteria co-culture, or axenically but supplemented with filtered bacterial culture supernatant. All cultures were inoculated with fusiform cells. In total, five shotgun proteomics experiments lead to the identification of 83 putatively secreted proteins (described further below, also see Appendix S2 in the Supporting Information). Furthermore, 52 proteins could be identified that most likely represented intracellular proteins, but these were typically identified with a much lower score and often only in single experiments, indicative of minor contaminations by intracellular proteins (see Appendix S2). Bioinformatic secretion predictions (SignalP, SecretomeP ) indicated putative N-terminal signal peptides in 79% of the extracellular proteins. As a control, 33% putative intracellular proteins were predicted to have an N-terminal signal peptide.
In an attempt to quantify the abundance of extracellular diatom proteins by quantitative proteomics, Ptl cultures that were grown either as diatom/ bacteria co-cultures, or axenically but supplemented with 2% cell-free bacterial culture supernatant, were labeled with 1~ nitrogen isotopes; the axenic control cultures were not isotope-labeled except for an internal control e~/"N axenic-axenic control).
Mter the cultivation, and before extracting the extracellular proteins, equal amounts of 1 '1\i and 15 N isotope-labeled cell suspensions were mixed based on equal cell numbers. The proteomic analysis (n = 3) revealed that only three of the 83 putative extracellular proteins detected by shotgun proteomics (see above) could be detected in amounts that we considered to be sufficient for a quantification based on the ratio of 14 N:
15 N-labeled peptides and a comparison between the axenic/ bacteria treatments ( Fig. 3; i.e., per our definition, at least 10 peptide-pairs for proteins ID52157, ID45679, ID47612). The fust two quantified proteins (described further below) were found in about the same ratio (i.e., similar amounts of 14 N:
15 Nlabeled peptides) in axenic cultures and those co-cultivated with bactetia or bacterial culture supernatant (Fig. 3) . Only an identified GPI-anchored alkaline phosphatase (AP; ID47612; described below) appeared to be significantly lower in abundance in diatom/ bacteria co-cultures (Fig. 3) . In two additional proteomic analyses, extracellular proteins from axenic and a 2% spent bacterial mediumtreated Pt4 were extracted, revealing a similar protein composition compared to the identified P tl proteins.
The many peptides identified in the five shotgun proteomics experiments allowed for an estimation of at least the overall protein abundances. However, for the interpretation of these data, it is important to keep in mind that the observed peptide abundance may also be biased by the accessibility of proteolytic cleavage sites and/ or the effectivity of ion transfer and MS/ MS identification.
In total, 36 of the putatively secreted proteins were consistently identified by at least eight peptides with high scores (i.e. mostly >100; Fig. 4 ). T he most
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• Axenic/Axenic ID 52157 1045679 ID 47612 equilibrium upregulation F1c. 3. Influence of co inoculated bacteria or of cell free bac terial culture supernatant on exemplary diatom protein expres sion as quantified by 15 N metabolic labeling. The two most highly abundant extracellular proteins (ID52157 and 45679) were not significantly differentially expressed in the presence/ absence of bacteria. The extracellular phosphatase ID47612 appeared down regulated in the presence of bacteria or cell free bacterial med ium. Bac. culture supern: bacterial culture supernatant.
• Number of identified peptides abundant exn-acellular proteins were predicted glucosidases, proteases and proteins containing LRR domains, as well as predicted phosphatases and putative cell-surface proteins, whereas intracellular contaminations mostly represented putative nuclear, endoplasmic reticulum, or plastidic proteins (Fig. S2 in the Supporting Information). The sequences of identified proteins were aligned with their respective orthologues hits from Bl.AST p searches in order to identify functional domains (tl1e alignments can be found in Appendix S3 in tlle Supporting Information). Bioinformatic sequence analyses of tlle amino acid composition of 467 the identified proteins revealed the dominance of cysteine-rich and proline-, serine-and threonine-Iich (PST-) domains in several proteins (Appendix S4 in tlle Supporting Information). Based on domain analyses and the annotation of orthologues, the most abundantly identified extracellular diatom proteins were assigned to eight major groups, and are described and discu~sed in the following sections: (i) proteins involved in nutrient acquisition, (u) PST-domain containing mucin-like proteins, (iii) proteases or protease inhibitors, (iv) sugar modifying enzymes, (v) cell--surface proteins (vi) LRR containing proteins, (vii) proteins involved in oxidative stress and defense, and (viii), signaling. Finally, 16 of tlle extracellular proteins identified could not be sorted into any of tllese groups (Fig. 5) .
Proteins attributed to nutrient acquisitifm: Particularly duling limited availability of dissolved inorganic phosphorus, aquatic microorganisms can access organically bound phosphorus tllrough secretion of APs and 5'-nucleotidases, e.g., in order to utilize the phosphorus in extracellular phospholipids, proteins, or nucleic acids (Ammerman and Azam 1985) . Several identified exn·acellular proteins of P. tricornu tum are similar to phosphate-binding proteins or extracellular matrix 5'-nucleotidases (Fig. S3 in the Supporting I nformation; Appendix S3, Alignments 1, 2). Indeed, 5 1 -nucleotidase activity has previously been detected at the P. tricornutum plasma membrane, and AP activity in solution and at the cell walls (Flynn et al. 1986 ). AP activity was also found in EPS stalks of the diatom Didymosphenia geminata (Aboal et al. 2012) . In each of our proteomic experiments, extracellular diatom APs were identified, particularly protein ID47612 (see above, Fig. 3 ). T his protein has a putative C-terminal GPI-anchor (illustrated in Fig. 6 ) and a high sequence similarity to bacterial APs (see Appendix S3, Alignment 3). According to metabolic labeling, tltis AP was 40%-60% more abundant in axenic Ptl cultures. T his observation may reflect the previously reported growth-supporting effects of several bacteria on diatoms (Bruckner et al. 2008 (Bruckner et al. , 2011 . Possibly, the added bacteria are contributing to the phosphorous acquisition; therefore, the alga does not need to release as much AP to achieve the same level of available phosphorous. Another phosphatase, ID40436, which is similar to the bacterial AP phoA, appeared to be present in higher abundance in axenic P tl-cultures than in diatom/bacteria co-cultures ( Fig. 6 ; Lin et al. 2013) . T his finding may indicate increased phosphorus availability in the presence of bacteria, possibly via recycling of nutrients by secreted bacterial pbosphatases. Notably, besides the identified phosphatases, another abundant protein, ID54251, has similarities in the putative catalytic center to secreted human carbonic anhydrase VI (PDB: 3FE4; Appendix S3, Alignment 5). A secreted carbonic anhydrase could contribute to carbon dioxide acquisition of the alga and be relevant for growth.
Identification of mucin lilre proteins and extracellular proteins with PST rich domains. For many of the identified P. tricomutum proteins, we could not find known orthologues; however, some of these proteins showed similarities to extracellular mucins. Moreover, their amino acid sequences frequently contained repetitive elements and domains enriched in serine, threonine, and proline (up to 15%, 14% and 22%, respectively), often accompanied by alanine, glycine, and valine (Appendix S4). Such domains rich in the amino acids proline (P), serine (S), and threonine (T ) are characteristic for eukaryotic mucins, and thus have been termed "PST-" and "mucin-domains" (Lang et al. 2007 ). Serine, threonine, and hydroxyproline are typical 0-glycosylation sites in extracellular mucins and in structural proteins (Spiro 2002) . Recently, also dihydroxyproline has been identified as a dominant amino acid in diatom adhesive trails (Poulsen et al. 2014 ). The Phosphate acquisition Mucine·llke 6. zz.
• • 0 mucin-like proteins identified here frequently contain repetitive domains (Appendix S4; Fig. S4 in the Supporting Information). Most of the identified mucin-like proteins exhibited no conseiVed domain aside from regions with a remarkably high cysteine content (up to 21% C on a length of 207 amino acids), which is similar to mucins CysD and cysteineknot domains. T hese have been proposed to function as multimerization domains, influencing the degree of cross-linking of the gelatinous extracellular matrix (Ambort et al. 2011) . Therefore, the mucin-like proteins may function as structural proteins, providing a scaffold for the extracellular matrix, or function as a barrier, similar to metazoan lung mucins, which are thought to trap and remove bacteria (Knowles and Boucher 2002) .
Proteases with PST domains and their inhibitors.
Within the identified extracellular proteins containing the described PST-and cysteine-rich domains, these domains were frequently found adjacent to other protein domains, such as glucosidase-, LRRdomains or protease-domains, and particularly serine-and metalloprotease domains (illustrated in Fig. S5 in the Supporting Information). The S1A family serine peptidase ID44903 was among the most abundantly identified proteins (Fig. 4) in P t1 cultures, while it could not be detected at all in P t4 cultures. Elevated transcript numbers of this gene were previously found in eDNA libraries established from blue light-treated P tl, urea-adapted Ptl, and oval morpho type P t3 cultures (Mal1eswari et al. 2010). The ID44903 protein and another protein identified, ID23414, have similarities to tryptase-6 and comprise a conserved C-terminal Cx 18 Cx 13 Cx 8 Cx 3 Cx 2 C motif, with an additional long C-terminal cysteine-rich domain in ID23414 (6.6% cysteines; illustrated in Fig. S5 peptldes amino acids 6). In metazoa, S1A proteases activate extracellular enzymes or protease-activated receptors that transduce signals for cytokine release (Chen et al. 2003 , Cooper et al. 2011 . Eight of all identified proteins belong to the S8A family of unspecific subtilisin serine peptidases. When screening the P. tricornutum JGI database, we only found 16 further gene models for proteases that contain such an S8 domain (Pfam: PF00082). In contrast to S8 peptidases of most other organisms, the C-terminal domains of the identified diatom S8A peptidases feature PST domains or repetitive TRAP motifs (see Figs. 6 and S5) . The identified protein ID38354 possesses a long C-terminal PST domain and resembles a bacterial cell-surface protease, while proteins ID38973 and ID50210 are similar to secreted thermo-and detergent stable bacterial alkaline serine proteases, like aqualysin ( Fig. S5 ; Appendix S3, Alignment 7) and feature a C-terminal cysteine pattern. Most identified P. tricor nutum S8 proteases feature inhibitory N-terminal I9 family predomains (Pfam: PF05922) and therefore are expressed as zymogens (see Appendix S3, Alignment 8). In other organisms, the S8 proteases can exhibit antimicrobial activity, permit proteolytic protein activation, degrade extracellular protein polymers, and alter cell adhesion (Burns et al. 2009 , Suda et al. 2009 ).
Four metalloproteases were identified (Fig. S5) , of which particularly protein ID56342 of the M6 family was highly abundant; also here, transcripts have previously been found to be abundant (Maheswari et al. 2010) . Both identified M6 zinc metalloproteases, ID56342 and ID34191, feature conserved catalytic domains with a HEXXHXXGXXD motif (see Appendix S3, Alignment 9) and contain long C-terminal PST-domains, similar to Volvox carteri pheromoneand wounding-induced extracellular metalloproteases (Hallmann et al. 2001 ). Based on their similarity to toxic extracellular bacterial metalloproteases of the M4 and M6 family (see Appendix S3, Alignment 10A), the respective ortholog proteases might have a defensive function (Shinoda and Miyoshi 2011) . The identified M11 peptidase ID49604 could, based on homology to matrix metalloproteases (Appendix S3, Alignment 10B), be involved in cell wall degradation during extracellular matrix remodeling (Heitzer and Hallmann 2002) .
We also identified two protease inhibitors potentially involved in regulating extracellular protease activity. ID39690 is similar (Appendix S3, Alignment 11) to extracellular I13 family protease inhibitors (Pfam: PF00280) that inhibit S1 and S8 family serine peptidases and are released upon pathogen infection in plants (Plunkett et al. 1982 , Heinz et al. 1991 . ID35043 is similar (Appendix S3, Alignment 12) to family I25B of secreted peptidase inhibitors (e.g., antifungal plant phytostatins) that inhibit unspecific papain-like C1 family cysteine proteases (Popovic et al. 2012) .
During the interconversion from fusiform to oval morphology, the P. tricornutum cell wall and surface structures undergo a complex reorganization, which most likely involves also extracellular enzymes. Furthermore, pennate diatoms are capable of forming complex exopolymer structures, like tubes, stalks, fibers, and capsules that also can contain extracellular enzymes (Aboal et al. 2012) . The organization of extracellular biopolymers in a specific manner may require extracellular matrix metalloproteases, similar to the extracellular matrix metalloproteases with PST domains of the multicellular green alga V. car teri (Heitzer and Hallmann 2002) .
Sugar modifying enzymes with PST domains: Four proteins of the glucosyl hydrolases 16 (GH16) family were identified, including the two laminarinaselike endo-1,3-b-glucanases (EC 3.2.1.6) ID52157 and ID39604, and two licheninase-like endo-1,3(4)-b-glucanases (EC 3.2.1.73) ID38737 and ID46513 (Fig. S5) . Particularly, the laminarinase-like protein ID52157 was found in high abundance. The catalytic domains of both laminarinase-like endo-1,3-bglucanases are highly similar (see Appendix S3, Alignment 13) to a crystallized ortholog (PDB: 2HYK), as well as to an endo-1,3(4)-b-glucanase that binds to lichenan and rice cell walls (Asano et al. 2002 , Fibriansah et al. 2007 ). Both proteins, ID52157 and ID39604, contain C-terminal PST-, GKS-or cysteine-rich domains, indicating their potential extracellular or cell-surface localization. The less abundant endo-1,3(4)-b-glucanases ID38737 and ID46513 have similarities (Appendix S3, Alignment 14) to bacterial extracellular licheninases, i.e., enzymes that cleave linear cellsurface b-glucanes (Varghese et al. 1994) .
The identified protein ID34405 contains a GH72 domain, a predicted GPI-anchor (see Fig. 6 ; S526 with 99.6% specificity, according to PredGPI) and sequence similarities (Appendix S3, Alignment 15) to the yeast GPI-anchored cell-surface 1,3-b-glucanosyltransferases Gas2 and Gas4 (Pierleoni et al. 2008) . Gas4 in fission yeast is involved into remodeling of the b-1,3-glucan containing cell wall, therefore the diatom ortholog may be involved into cellsurface carbohydrate modifications (De MedinaRedondo et al. 2008 ). In addition, the identified putative cell-surface GPI-anchored b-1,3-glycosyltransferase might contribute to defense by modifying cell-surface glucans, resulting in an enhanced antibacterial barrier. In plants, the deposition of the b-1,3-glucan callose on leave surfaces is induced by bacterial pathogen-associated molecular patterns, such as flagellin (Luna et al. 2010) .
Cell surface associated proteins: The identified putative cell surface-associated proteins are presumably only loosely attached and have been removed from the cells due to shear stress during shaking incubation. Abundant in Pt4 culture supernatant was protein ID32734. The central region of the protein has similarities to a CnaB-type domain (Pfam: PF05738) containing bacterial protein, and high sequence similarity to two further identified proteins on the JGI database (Fig. S6 in the Supporting Information, Appendix S3, Alignment 16-18). In bacterial proteins, the CnaB-type domain functions as a stalk presenting collagen-binding domain on the cell surface.
An identified fasciclin (Pfam: PF02469) cell-adhesion domain containing protein, ID35093, is similar (11% identity) to a cell-adhesion protein CAA56621.1 of the multicellular green alga V. carteri (Appendix S3, Alignment 19). Monoclonal antibodies against this protein lowered the intercellular adhesion of the 4-cell V. carteri embryos (Huber and Sumper 1994) . Interestingly, this ancient adhesion domain has recently been discussed as potential diatom cell-adhesion molecule (Willis et al. 2014) .
Several identified proteins belong to the diatomspecific frustulins that cover the diatom valves and contain up to five acidic, cysteine-rich domains (ACR domains), which are interconnected by proline-rich stretches (Figs. 6 and S6; Kr€ oger et al. 2004) . Interestingly, the frustulin ACR domains from different diatom species share a conserved acidic amino acid pattern CxGxCx 5 Cx 5-6 Cx 10-13 GC (i.e., P. tricornutum, Fistulifera pelliculosa and Cylin drotheca fusiformis, see Appendix S3, Alignment 20). Together with other identified proteins without ACR domain, some of the identified frustulins are similar ( Fig. 6 ; Appendix S3, Alignment 21) to the F. pelliculosa epsilon frustulin, based on their C-terminal Ricin B lectin domain (PF00652, previously termed tryptophan-rich domain; Kr€ oger and Poulsen 2008) . Alignments with the Ricin B domain of the crystallized ebulin 1 protein (Appendix S3, Alignment 22) revealed the corresponding characteristic QxW amino acid pattern (Rutenber and Robertus 1991, Hazes 1996) . The identified epsilon frustulin ID38422 had also been previously found to be highly transcribed in different P. tricornutum cDNA libraries (Maheswari et al. 2010) . By contrast, the alpha-3 frustulin ID51797 lacks the Ricin B domain and was not identified in Pt1 cultures, but abundantly in Pt4 culture supernatant predominantly in the presence of bacteria (seven identified peptides in axenic and 43 in co-cultures). Correspondingly, ID51797 was found across 16 cDNA libraries to be one of the most abundantly expressed genes, and it appeared to be upregulated in oval morphotype libraries of Pt3, cold-stressed (oval) tropical accession Pt9, and dark-adapted Pt1 exposed to blue light (Maheswari et al. 2010) . In Nitzschia species, frustulin expression was found to be induced by cadmium stress, suggesting their involvement in cell surface reinforcement or metal chelation (Santos et al. 2013 ). Furthermore, a novel LRR containing "LRR-frustulin" ID49571 was found in relatively low levels in Pt1 compared to Pt4 cultures (10 vs. 47 peptides; Fig. S7 in the Supporting Information).
Leucine rich repeat domain containing proteins with PST domain: Six identified proteins contain LRRs, a structural element of repeated 20-29 amino acids that are arranged in a-helixes and b-turns. Arrays of such LRRs form a hydrophobic solenoid that acts as a binding or scaffolding element. LRR domains are present in diverse protein families, including extracellular receptors, binding-and inhibitory proteins (Wulff et al. 2009 ). The identified LRR containing proteins ("diatom-LRR") are similar to plant-specific extracellular LRRs, featuring LxxLxxLxLxxNxLt/ sGxIPxxLGx motifs, while the LRR domain is flanked by cysteine-rich regions ( Fig. S7 ; Appendix S3, Alignment 23 and 24; Wulff et al. 2009 ). Typically, the identified LRR-proteins contain a C-terminal LRR domain and repetitive-or PSTdomains; P. tricornutum genome analyses revealed several other representatives of such proteins with PST-and LRR-domains ( Fig. S7B ; Schulze et al. 2015) . Two identified proteins, ID49571 and ID45941, contain six LRRs and a PST-domain, while the latter protein further features six long repetitive elements separated by a cysteine-rich region from the LRR domain (Appendix S3, Alignment 25). In contrast, ID49571 exhibits domain homologies to frustulins, as it contains four ACR domains that are interconnected with a long repetitive PDVST-rich spacer domain to the LRRs (Fig. 6 , Appendix S5 in the Supporting Information). Its function might be similar to secreted plant inhibitory proteins such as the polygalacturonase-inhibiting LRR protein (PGIP), that are induced by cell wall degradation products (i.e., oligogalacturonides; Di Matteo et al. 2003 , Davis et al. 1986 ). PGIP inhibits pathogenderived cell wall lytic enzymes (i.e., polygalacturonases).
The most abundant LRR protein in Pt1 extracts was ID45679, which contains a PST domain, and in Pt4 extracts the ACR domain containing protein ID49571. This could reflect the requirement of cell surface defense for planktonic Pt4 strains in contrast to the benthic oval Pt1, which relies on the secretion of protective proteins that are retained in the extracellular matrix.
Indications for a role of reactive oxygen species in dia tom defense: Aquatic organisms permanently have to cope with oxidative stress due to intracellular reactive oxygen species (ROS) as by-products of respiration and photosynthesis, and the exposure to extracellular ROS that are continuously produced in surface waters via ultraviolet irradiation (Vincent and Roy 1993) . To lower the impact of ROS, superoxide dismutases (SODs) convert hydroxyl radicals to the less toxic hydrogen peroxide. The genome of P. tricornutum contains four SOD gene models, one of which (ID27763) has been identified in this study. This putative manganese SOD (89.01% fingerprint score, SODa prediction server) is similar to other algal SODs and to the extracellular bacterial Mn-SOD A (Appendix S3, Alignment 27) (Fridovich 1995 , Kwasigroch et al. 2008 .
Several examples show that macroalgae utilize endogenously generated ROS for defense against pathogens. For instance, the red alga Gracilaria chilensis responds with H 2 O 2 production upon cell wall-derived oligosaccharides, through a putative cell wall oligosaccharide oxidase (Weinberger et al. 2005 , Potin 2008 ). Moreover, a red algal hexose oxidase inhibits growth of other algae via H 2 O 2 production (Sullivan and Ikawa 1973) . The identified P. tricornutum protein ID49706 has sequence homologies (Appendix S3, Alignment 28) to a bacterial galactose oxidase (GO), an enzyme that catalyzes the oxidation of galactose with dioxygen to Dgalacto-hexodialdose and hydrogen peroxide. This protein further contains catalytic and substrate-binding sites similar to the crystallized fungal GO (Appendix S3, Alignment 28). In contrast to the fungal GO, the C-terminal regions of both P. tricor nutum and bacterial GOs contain two Ricin B lectin domains that are separated by a PST-domain (Fig. S8 in the Supporting Information). Evidence for a ROS-based defense in stramenopiles is substantialized by a given example of multicellular stramenopiles that may react on bacterial flagellin in the micromolar range with H 2 O 2 release and induction of antioxidant enzymes (Wang et al. 2012) . To date, it remains unclear whether diatoms are able to discriminate between associated beneficial and pathogenic bacteria.
Extracellular signaling proteins: Our analyses indicated the presence of extracellular signaling proteins in diatoms (Fig. S8 ). For example, ID40414 is highly similar (Appendix S3, Alignment 29) to the cytokine macrophage migration inhibitory factor (MIF) that influences eukaryotic cell motility (Stark et al. 2013) . BLASTp searches for a corresponding CD74-like MIF receptor in P. tricornutum, however, did not provide any significant hits. Similar to human MIF, the respective protein from the cyanobacterium Prochlorococcus marinus exhibits tautomerase activity, while lacking oxidoreductase activity, as the thioredoxin-like CxxC motif is absent. This is also the case for the P. tricornutum MIF (Wasiel et al. 2010) .
Another identified potential cytokine, ID17701, is highly similar to human HSP70 (71% identical amino acids with P08107) that, besides functioning as chaperone, also functions as cytokine and induces intracellular calcium flux, upregulation of pro-inflammatory cytokine release and matrix metalloproteinase expression (Asea et al. 2000 , Lee et al. 2006 .
Furthermore, we identified a predicted single-pass transmembrane protein, ID47878, which harbors six extracellular epithelial growth factor (EGF) domains that are separated by a PST-domain from the transmembrane domain (Appendices S3 and S6 in the Supporting Information, Alignment 30 and 31). In metazoa, the aggregation of cells is a coordinated event, involving conserved intercellular signaling proteins (Nichols et al. 2006) . Therefore, the identified extracellular putative signal proteins, including proteases and their inhibitors, might transmit signals leading to cell aggregation.
Roseovarius sp. strain 217 and P. tricornutum as a diatom/bacteria model community. P. tricornutum cultures with natural bacterial assemblages were not available from culture collections, as they have mostly been treated with antibiotics. Therefore, we decided for a designed diatom/bacteria model community based on the ability of the bacteria to grow with secreted diatom substances as a sole source of carbon. The selected Roseobacter strain R217 had been isolated from seawater and not directly from a P. tricornutum culture, thus the observed effects may represent rather a general, non-specific response to the presence of non-associated bacteria. Similarly, previous studies have demonstrated that many different bacteria in a non-specific manner may affect the secretion of diatom exopolysaccharides (Bruckner et al. 2008 (Bruckner et al. , 2011 . Changes in diatom aggregation pattern were also observed in diatom/bacteria co-cultures of the diatom Planothidium frequentissi mum and the satellite Pseudomonas strain (Buhmann et al. 2011) . Therefore, the observed changes in diatom aggregation behavior and the identified constitutively expressed defense-involved proteins may be related to a general antibacterial defense towards non-symbiotic bacteria.
In additional experiments (data not shown), we have investigated the response of P. tricornutum to the Roseobacter strain Ruegeria pomeroyi DSS-3 and found it also to increase the amounts of oval P. tri cornutum cells. In contrast to R217, Ruegeria pomeroyi DSS-3 secreted a substance that apparently is algicidal against P. tricornutum on solid medium.
The bacterium used in this study, R217, is able to perform aerobic anoxygenic photoheterotrophy; thus, light may contribute to bacterial energy production, whereas the strain does not possess enzymes for carbon fixation (reviewed in Luo and Moran 2014) . Microscopy revealed that the bacteria grew well distributed as well as attached to the diatoms, presumably in order to consume secreted diatom polysaccharides, whereas a competition for light in terms of light-directed taxis was not observed (see Fig. S9 in the Supporting Information). Accordingly, the photoheterotrophy of the bacterial strain is presumably not relevant for the observed interactions.
CONCLUSIONS
This study provides a newly established bacteria/ diatom model community that reveals a bacteriainduced conversion of planktonic (fusiform) towards aggregating (oval) P. tricornutum cells, which may represent a stress-or defense-related response, as previously discussed (De Martino et al. 2011 ).
The proteomic identification and bioinformatic characterization of novel soluble extracellular diatom proteins revealed mucin-(or PST-rich) protein domains that so far are unknown in diatoms. The abundant PST-domains appear to be typical for extracellular soluble diatom proteins, which, due to their putative glycosylation, may influence the diffusion dynamics and activity of extracellular proteins.
The proteomics data did not reveal proteins that were significantly upregulated in the presence of bacteria, aside from an AP, of which more peptides were found in axenic cultures compared to bacteria-/diatom co-cultures, for both strains Pt1 and Pt4. Overall, no major differences were found between the extracellular proteomes of P. tricornu tum strains Pt1 and Pt4, therefore the observed induction of the oval morphotype could not be correlated with any of the identified proteins. The identified proteins, however, were reproducibly found and hint to the importance of PTS-rich domains in extracellular diatom proteins. For investigating whether any of these proteins are involved in the morphotypic interconversion from fusiform to oval P. tricornutum diatom cells, it might be more adequate to study their gene expression via quantitative real-time PCR.
Interestingly, a large number of the identified secreted proteins show striking similarities to proteins that are involved in higher plant defense (e.g., secreted hydrolytic enzymes, like endo-b-1,3 glucanases, or S8 serine proteases, or ROS-generating enzymes), but less to proteins that are assumed to be involved in symbiotic interactions (Misas-Villamil and van der Hoorn 2008, Wang et al. 2012) . As these defense-related proteins have also been identified in axenic cultures, they are possibly constitutively expressed, e.g., by diatoms in natural biofilms, in which diatoms are always surrounded by distinct bacterial assemblages.
Overall, this work provides access to basic mechanisms of interspecies interactions and the sessile life in multicellular associations, and demonstrates the demand for a further characterization of particularly the extracellular protein fraction. Figure S1 . Enzymatic deglycosylation of Phaeo dactylum tricornutum extracellular proteins revealed differences in banding pattern on silver stained polyacrylamide gels between extracts from axenic or bacteria-induced cultures. Appendix S6. Amino acid sequence of ID47878. For visualization of EGF domains (cysteine-rich extracellular epithelial growth factor domain, frequently found in extracellular proteins), cysteines are marked black with white letters. The predicted signal peptide is underlined, a putative transmembrane domain is marked with bold italics.
